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Abstract
Rsp5 ubiquitin ligase is required for ubiquitination of a wide variety of proteins involved in essential processes. Rsp5 was shown to be involved in regulation of lipid biosynthesis, intracellular trafficking of proteins, response to various stresses, and many other processes. In this article, we provide a comprehensive review of the nuclear and cytoplasmic functions of Rsp5 with a focus on biogenesis of different RNAs. We also briefly describe the participation of Rsp5 in the regulation of the RNA polymerase II complex, and its potential role in the regulation of other RNA polymerases. Moreover, we emphasize the function of Rsp5 in the coordination of the different steps of rRNA, mRNA and tRNA metabolism in the context of protein biosynthesis. Finally, we highlight the involvement of Rsp5 in controlling diverse cellular mechanisms at multiple levels and in adaptation of the cell to changing growth conditions.
Introduction
Ubiquitination is the process of conjugating the small peptide ubiquitin (Ub) to lysine residue of the substrate protein. It can be reversed by the removal of Ub by deubiquitinating enzymes (DUBs) which are ubiquitin-specific proteases. Ubiquitination can regulate diverse properties of a protein such as its half-life, activity, subcellular localization, or ability to form complexes. A protein can be modified by a single Ub (monoubiquitination), a chain of Ubs formed by attachment of consecutive Ub molecules to lysines (K6, K11, K27, K29, K33, K48, or K63) present in Ub itself (polyubiquitination), and by attachement of several Ub molecules individually to several lysine residues of the substrate protein (multiubiquitination). Ub chains linked via K48 or K63 are the most common. Mono- and multiubiquitination can act as signals for endocytosis, histone regulation, DNA repair, or nuclear export. However, substrates modified by K48-linked polyubiquitin chains composed of at least four Ub moieties are recognized by the proteasome and directed for proteasomal degradation. HYPERLINK \l "_ENREF_1" \o "Finley, 2012 #1"  ADDIN EN.CITE <EndNote><Cite><Author>Finley</Author><Year>2012</Year><RecNum>1</RecNum><DisplayText><style face="superscript">1</style></DisplayText><record><rec-number>1</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">1</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Finley, D.</author><author>Ulrich, H. D.</author><author>Sommer, T.</author><author>Kaiser, P.</author></authors></contributors><auth-address>Department of Cell Biology, Harvard Medical School, Boston, MA 02115, USA.</auth-address><titles><title>The ubiquitin-proteasome system of Saccharomyces cerevisiae</title><secondary-title>Genetics</secondary-title><alt-title>Genetics</alt-title></titles><pages>319-60</pages><volume>192</volume><number>2</number><keywords><keyword>Adenosine Triphosphatases/genetics/metabolism</keyword><keyword>Cell Cycle Proteins/genetics/metabolism</keyword><keyword>Membrane Proteins/genetics/metabolism</keyword><keyword>Proteasome Endopeptidase Complex/*genetics/ultrastructure</keyword><keyword>Protein Processing, Post-Translational/genetics</keyword><keyword>*Protein Transport</keyword><keyword>Proteolysis</keyword><keyword>*Saccharomyces cerevisiae/genetics/metabolism</keyword><keyword>Substrate Specificity</keyword><keyword>*Ubiquitin/genetics/physiology</keyword><keyword>Ubiquitination/genetics</keyword></keywords><dates><year>2012</year><pub-dates><date>Oct</date></pub-dates></dates><isbn>1943-2631 (Electronic)&#xD;0016-6731 (Linking)</isbn><accession-num>23028185</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/23028185</url></related-urls></urls><custom2>3454868</custom2><electronic-resource-num>10.1534/genetics.112.140467</electronic-resource-num></record></Cite></EndNote>1 Attachment of Ub chains linked through lysines other than K48 can regulate cellular processes in both proteasomal-dependent ADDIN EN.CITE ,  as well as an independent manner, e.g., endocytosis. ADDIN EN.CITE 4
Ubiquitination is accomplished by a cascade of enzymatic reactions consisting of three steps. First, Ub is activated by the E1 enzyme and then, accepted by the conjugating enzyme E2. In the third step, Ub is transferred from E2 to the substrate protein in the presence of ubiquitin ligase E3 (reviewed in ref.  HYPERLINK \l "_ENREF_5" \o "Schreiber, 2014 #5"  ADDIN EN.CITE <EndNote><Cite><Author>Schreiber</Author><Year>2014</Year><RecNum>5</RecNum><DisplayText><style face="superscript">5</style></DisplayText><record><rec-number>5</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">5</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Schreiber, A.</author><author>Peter, M.</author></authors></contributors><auth-address>Institute of Biochemistry, HPM, ETH Honggerberg, 8093 Zurich, Switzerland.</auth-address><titles><title>Substrate recognition in selective autophagy and the ubiquitin-proteasome system</title><secondary-title>Biochim Biophys Acta</secondary-title><alt-title>Biochimica et biophysica acta</alt-title></titles><pages>163-81</pages><volume>1843</volume><number>1</number><keywords><keyword>Amino Acid Sequence</keyword><keyword>Animals</keyword><keyword>Autophagy/*physiology</keyword><keyword>Humans</keyword><keyword>Models, Molecular</keyword><keyword>Molecular Sequence Data</keyword><keyword>Proteasome Endopeptidase Complex/chemistry/*physiology</keyword><keyword>Sequence Homology, Amino Acid</keyword><keyword>Substrate Specificity</keyword><keyword>Ubiquitin/metabolism</keyword><keyword>Ubiquitination/physiology</keyword></keywords><dates><year>2014</year><pub-dates><date>Jan</date></pub-dates></dates><isbn>0006-3002 (Print)&#xD;0006-3002 (Linking)</isbn><accession-num>23545414</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/23545414</url></related-urls></urls><electronic-resource-num>10.1016/j.bbamcr.2013.03.019</electronic-resource-num></record></Cite></EndNote>5). One of the major subfamilies of E3 ligases is the homologous to E6AP C-terminus (HECT) domain-containing family of proteins. HYPERLINK \l "_ENREF_6" \o "Huibregtse, 1995 #6"  ADDIN EN.CITE <EndNote><Cite><Author>Huibregtse</Author><Year>1995</Year><RecNum>6</RecNum><DisplayText><style face="superscript">6</style></DisplayText><record><rec-number>6</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">6</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Huibregtse, J. M.</author><author>Scheffner, M.</author><author>Beaudenon, S.</author><author>Howley, P. M.</author></authors></contributors><titles><title>A family of proteins structurally and functionally related to the E6-AP ubiquitin-protein ligase</title><secondary-title>Proc Natl Acad Sci U S A</secondary-title><alt-title>Proceedings of the National Academy of Sciences of the United States of America</alt-title></titles><periodical><full-title>Proc Natl Acad Sci U S A</full-title><abbr-1>Proceedings of the National Academy of Sciences of the United States of America</abbr-1></periodical><alt-periodical><full-title>Proc Natl Acad Sci U S A</full-title><abbr-1>Proceedings of the National Academy of Sciences of the United States of America</abbr-1></alt-periodical><pages>5249</pages><volume>92</volume><number>11</number><keywords><keyword>Amino Acid Sequence</keyword><keyword>Animals</keyword><keyword>Ligases/*chemistry</keyword><keyword>Molecular Sequence Data</keyword><keyword>Proteins/*chemistry</keyword><keyword>Rats</keyword><keyword>Sequence Homology, Amino Acid</keyword><keyword>Ubiquitin-Protein Ligases</keyword></keywords><dates><year>1995</year><pub-dates><date>May 23</date></pub-dates></dates><isbn>0027-8424 (Print)&#xD;0027-8424 (Linking)</isbn><accession-num>7761480</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/7761480</url></related-urls></urls><custom2>55685</custom2></record></Cite></EndNote>6 The HECT ligases actively participate in the ubiquitination by forming a thioester intermediate with Ub prior to attaching it to the substrate. The best studied subgroup of HECT E3s is the Nedd4-like family of ubiquitin ligases which exhibits a characteristic C2-WW-HECT modular structure (reviewed in ref.  HYPERLINK \l "_ENREF_7" \o "Rotin, 2009 #7"  ADDIN EN.CITE <EndNote><Cite><Author>Rotin</Author><Year>2009</Year><RecNum>7</RecNum><DisplayText><style face="superscript">7</style></DisplayText><record><rec-number>7</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">7</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rotin, D.</author><author>Kumar, S.</author></authors></contributors><auth-address>Program in Cell Biology, The Hospital for Sick Children, Ontario, Canada. drotin@sickkids.ca</auth-address><titles><title>Physiological functions of the HECT family of ubiquitin ligases</title><secondary-title>Nat Rev Mol Cell Biol</secondary-title><alt-title>Nature reviews. Molecular cell biology</alt-title></titles><pages>398-409</pages><volume>10</volume><number>6</number><keywords><keyword>Animals</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Guanine Nucleotide Exchange Factors/genetics/metabolism</keyword><keyword>Humans</keyword><keyword>Models, Molecular</keyword><keyword>Protein Conformation</keyword><keyword>Protein Isoforms/chemistry/genetics/*metabolism</keyword><keyword>Signal Transduction/physiology</keyword><keyword>Ubiquitin/*metabolism</keyword><keyword>Ubiquitin-Protein Ligases/chemistry/genetics/*metabolism</keyword><keyword>Ubiquitination</keyword></keywords><dates><year>2009</year><pub-dates><date>Jun</date></pub-dates></dates><isbn>1471-0080 (Electronic)&#xD;1471-0072 (Linking)</isbn><accession-num>19436320</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/19436320</url></related-urls></urls><electronic-resource-num>10.1038/nrm2690</electronic-resource-num></record></Cite></EndNote>7). 
The Saccharomyces cerevisiae Nedd4 homologue, Rsp5, is an essential yeast ubiquitin ligase. It is composed of an N-terminal C2 domain, three WW domains, and a C-terminal catalytic HECT domain (Figure 1). The C2 domain is responsible for binding lipids ADDIN EN.CITE 8 and proteins. WW domains are involved in diverse protein-protein interactions (to date, 124 such interactions have been reported) and recognize proline-rich sequences called PY motifs HYPERLINK \l "_ENREF_9" \o "Hesselberth, 2006 #9"  ADDIN EN.CITE <EndNote><Cite><Author>Hesselberth</Author><Year>2006</Year><RecNum>9</RecNum><DisplayText><style face="superscript">9</style></DisplayText><record><rec-number>9</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">9</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Hesselberth, J. R.</author><author>Miller, J. P.</author><author>Golob, A.</author><author>Stajich, J. E.</author><author>Michaud, G. A.</author><author>Fields, S.</author></authors></contributors><auth-address>Department of Genome Sciences, University of Washington, Box 357730, Seattle, WA 98195, USA.</auth-address><titles><title>Comparative analysis of Saccharomyces cerevisiae WW domains and their interacting proteins</title><secondary-title>Genome Biol</secondary-title><alt-title>Genome biology</alt-title></titles><pages>R30</pages><volume>7</volume><number>4</number><keywords><keyword>Amino Acid Motifs</keyword><keyword>Amino Acid Sequence</keyword><keyword>Binding Sites</keyword><keyword>Biological Evolution</keyword><keyword>Ligands</keyword><keyword>Models, Biological</keyword><keyword>Molecular Sequence Data</keyword><keyword>Phylogeny</keyword><keyword>Protein Array Analysis/*methods</keyword><keyword>Protein Interaction Mapping/*methods</keyword><keyword>Protein Structure, Tertiary</keyword><keyword>Saccharomyces cerevisiae/*metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/*chemistry/classification/metabolism</keyword><keyword>Sequence Alignment</keyword><keyword>Yeasts/classification/genetics</keyword></keywords><dates><year>2006</year></dates><isbn>1465-6914 (Electronic)&#xD;1465-6906 (Linking)</isbn><accession-num>16606443</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/16606443</url></related-urls></urls><custom2>1557994</custom2><electronic-resource-num>10.1186/gb-2006-7-4-r30</electronic-resource-num></record></Cite></EndNote>9 in Rsp5 substrates or Rsp5 adaptor proteins, such as the arrestin-related trafficking adaptors (ARTs) that mediate Rsp5 - substrate binding HYPERLINK \l "_ENREF_10" \o "Nikko, 2009 #10"  ADDIN EN.CITE <EndNote><Cite><Author>Nikko</Author><Year>2009</Year><RecNum>10</RecNum><DisplayText><style face="superscript">10</style></DisplayText><record><rec-number>10</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">10</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Nikko, E.</author><author>Pelham, H. R.</author></authors></contributors><auth-address>MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 0QH, UK.</auth-address><titles><title>Arrestin-mediated endocytosis of yeast plasma membrane transporters</title><secondary-title>Traffic</secondary-title><alt-title>Traffic</alt-title></titles><pages>1856-67</pages><volume>10</volume><number>12</number><keywords><keyword>Amino Acid Sequence</keyword><keyword>Arrestin/*physiology</keyword><keyword>Endocytosis/*physiology</keyword><keyword>Membrane Transport Proteins/chemistry/*physiology</keyword><keyword>Molecular Sequence Data</keyword><keyword>Saccharomyces cerevisiae/*metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/chemistry/*physiology</keyword><keyword>Sequence Homology, Amino Acid</keyword><keyword>Ubiquitination</keyword></keywords><dates><year>2009</year><pub-dates><date>Dec</date></pub-dates></dates><isbn>1600-0854 (Electronic)&#xD;1398-9219 (Linking)</isbn><accession-num>19912579</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/19912579</url></related-urls></urls><custom2>2810449</custom2><electronic-resource-num>10.1111/j.1600-0854.2009.00990.x</electronic-resource-num></record></Cite></EndNote>10 (reviewed in ref.  HYPERLINK \l "_ENREF_11" \o "Leon, 2009 #11"  ADDIN EN.CITE <EndNote><Cite><Author>Leon</Author><Year>2009</Year><RecNum>11</RecNum><DisplayText><style face="superscript">11</style></DisplayText><record><rec-number>11</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">11</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Leon, S.</author><author>Haguenauer-Tsapis, R.</author></authors></contributors><auth-address>Institut Jacques Monod, UMR 7592 (Centre National de la Recherche Scienti fi que, Universites Paris 6 et 7), Paris, France. leon@ijm.jussieu.fr</auth-address><titles><title>Ubiquitin ligase adaptors: regulators of ubiquitylation and endocytosis of plasma membrane proteins</title><secondary-title>Exp Cell Res</secondary-title><alt-title>Experimental cell research</alt-title></titles><pages>1574-83</pages><volume>315</volume><number>9</number><keywords><keyword>Adaptor Proteins, Signal Transducing/*metabolism</keyword><keyword>Animals</keyword><keyword>Endocytosis/*physiology</keyword><keyword>Enzyme Activation</keyword><keyword>Humans</keyword><keyword>Membrane Proteins/*metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/metabolism</keyword><keyword>Ubiquitin/metabolism</keyword><keyword>Ubiquitin-Protein Ligases/*metabolism</keyword><keyword>Ubiquitination/*physiology</keyword></keywords><dates><year>2009</year><pub-dates><date>May 15</date></pub-dates></dates><isbn>1090-2422 (Electronic)&#xD;0014-4827 (Linking)</isbn><accession-num>19070615</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/19070615</url></related-urls></urls><electronic-resource-num>10.1016/j.yexcr.2008.11.014</electronic-resource-num></record></Cite></EndNote>11). Therefore, Rsp5 recognizes a wide variety of substrates and is a key protein implicated in various signaling pathways. Consequently, regulation of Rsp5 will affect numerous cellular processes. Thus, Rsp5 can coordinate the processes inside the cell with changing conditions and provide response of the cell at multiple levels. HYPERLINK \l "_ENREF_12" \o "Iesmantavicius, 2014 #12"  ADDIN EN.CITE <EndNote><Cite><Author>Iesmantavicius</Author><Year>2014</Year><RecNum>12</RecNum><DisplayText><style face="superscript">12</style></DisplayText><record><rec-number>12</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">12</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Iesmantavicius, V.</author><author>Weinert, B. T.</author><author>Choudhary, C.</author></authors></contributors><auth-address>From the double daggerNovo Nordisk Foundation Center for Protein Research, Faculty of Health and Medical Sciences, University of Copenhagen, Blegdamsvej 3, 2200 Copenhagen, Denmark.&#xD;From the double daggerNovo Nordisk Foundation Center for Protein Research, Faculty of Health and Medical Sciences, University of Copenhagen, Blegdamsvej 3, 2200 Copenhagen, Denmark chuna.choudhary@cpr.ku.dk.</auth-address><titles><title>Convergence of Ubiquitylation and Phosphorylation Signaling in Rapamycin-treated Yeast Cells</title><secondary-title>Mol Cell Proteomics</secondary-title><alt-title>Molecular &amp; cellular proteomics : MCP</alt-title></titles><pages>1979-92</pages><volume>13</volume><number>8</number><dates><year>2014</year><pub-dates><date>Aug</date></pub-dates></dates><isbn>1535-9484 (Electronic)&#xD;1535-9476 (Linking)</isbn><accession-num>24961812</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/24961812</url></related-urls></urls><custom2>4125731</custom2><electronic-resource-num>10.1074/mcp.O113.035683</electronic-resource-num></record></Cite></EndNote>12 The HECT domain is essential for Rsp5 activity in ubiquitination HYPERLINK \l "_ENREF_13" \o "Wang, 1999 #32"  ADDIN EN.CITE <EndNote><Cite><Author>Wang</Author><Year>1999</Year><RecNum>32</RecNum><DisplayText><style face="superscript">13</style></DisplayText><record><rec-number>32</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">32</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Wang, G.</author><author>Yang, J.</author><author>Huibregtse, J. M.</author></authors></contributors><auth-address>Department of Molecular Biology and Biochemistry, Rutgers University, Piscataway, New Jersey 08855-1059, USA.</auth-address><titles><title>Functional domains of the Rsp5 ubiquitin-protein ligase</title><secondary-title>Mol Cell Biol</secondary-title><alt-title>Molecular and cellular biology</alt-title></titles><pages>342-52</pages><volume>19</volume><number>1</number><keywords><keyword>Alleles</keyword><keyword>Amino Acid Sequence</keyword><keyword>Binding Sites</keyword><keyword>Catalysis</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Immunophilins/metabolism</keyword><keyword>Ligases/*genetics/*metabolism</keyword><keyword>Molecular Sequence Data</keyword><keyword>*Saccharomyces cerevisiae Proteins</keyword><keyword>Structure-Activity Relationship</keyword><keyword>Substrate Specificity</keyword><keyword>Tacrolimus Binding Proteins</keyword><keyword>*Ubiquitin-Protein Ligase Complexes</keyword><keyword>Ubiquitin-Protein Ligases</keyword><keyword>Ubiquitins/metabolism</keyword></keywords><dates><year>1999</year><pub-dates><date>Jan</date></pub-dates></dates><isbn>0270-7306 (Print)&#xD;0270-7306 (Linking)</isbn><accession-num>9858558</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/9858558</url></related-urls></urls><custom2>83892</custom2></record></Cite></EndNote>13 and its structural flexibility underlies the ability to adapt to different substrates and modify them by attachment of ubiquitin moieties. HYPERLINK \l "_ENREF_14" \o "Raimondo, 2008 #13"  ADDIN EN.CITE <EndNote><Cite><Author>Raimondo</Author><Year>2008</Year><RecNum>13</RecNum><DisplayText><style face="superscript">14</style></DisplayText><record><rec-number>13</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">13</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Raimondo, D.</author><author>Giorgetti, A.</author><author>Bernassola, F.</author><author>Melino, G.</author><author>Tramontano, A.</author></authors></contributors><auth-address>Department of Biochemical Sciences &quot;Rossi-Fanelli&quot;, University of Rome &quot;La Sapienza&quot;, P.le Aldo Moro 5, Rome, Italy.</auth-address><titles><title>Modelling and molecular dynamics of the interaction between the E3 ubiquitin ligase Itch and the E2 UbcH7</title><secondary-title>Biochem Pharmacol</secondary-title><alt-title>Biochemical pharmacology</alt-title></titles><pages>1620-7</pages><volume>76</volume><number>11</number><keywords><keyword>Humans</keyword><keyword>Models, Molecular</keyword><keyword>Protein Binding</keyword><keyword>Repressor Proteins/chemistry/genetics/*metabolism</keyword><keyword>Static Electricity</keyword><keyword>Ubiquitin-Conjugating Enzymes/chemistry/genetics/*metabolism</keyword><keyword>Ubiquitin-Protein Ligases/chemistry/genetics/*metabolism</keyword></keywords><dates><year>2008</year><pub-dates><date>Dec 1</date></pub-dates></dates><isbn>1873-2968 (Electronic)&#xD;0006-2952 (Linking)</isbn><accession-num>18805400</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/18805400</url></related-urls></urls><electronic-resource-num>10.1016/j.bcp.2008.08.026</electronic-resource-num></record></Cite></EndNote>14 Rsp5 preferentially forms K63-linked Ub chains. ADDIN EN.CITE ,  
Rsp5 is localized to the cytoplasm, in cortical patches, perivacuolar endosomal structures, and has also been reported to have a nuclear pool. Cholbinski et al. ADDIN EN.CITE 17 showed that Rsp5 contains one nuclear export signal (NES) and two nuclear localization signals (NLS), both located in the HECT domain and therefore, the protein is able to shuttle between the nucleus and cytoplasm. Rsp5 nuclear export is Crm1-dependent ADDIN EN.CITE 17 and intriguingly, Crm1 is mainly involved in the export of precursor rRNA (pre-rRNA). ADDIN EN.CITE 18 The many processes in which Rsp5 plays a key role are highly diverse, including biosynthesis of unsaturated fatty acids and other lipids (reviewed in ref.  HYPERLINK \l "_ENREF_19" \o "Kaliszewski, 2008 #36"  ADDIN EN.CITE <EndNote><Cite><Author>Kaliszewski</Author><Year>2008</Year><RecNum>36</RecNum><DisplayText><style face="superscript">19</style></DisplayText><record><rec-number>36</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">36</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Kaliszewski, P.</author><author>Zoladek, T.</author></authors></contributors><auth-address>Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warszawa, Poland. pkalisz@ibb.waw.pl</auth-address><titles><title>The role of Rsp5 ubiquitin ligase in regulation of diverse processes in yeast cells</title><secondary-title>Acta Biochim Pol</secondary-title><alt-title>Acta biochimica Polonica</alt-title></titles><pages>649-62</pages><volume>55</volume><number>4</number><keywords><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Saccharomyces cerevisiae/cytology/*physiology</keyword><keyword>Saccharomyces cerevisiae Proteins/*physiology</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*physiology</keyword><keyword>Ubiquitination</keyword></keywords><dates><year>2008</year></dates><isbn>0001-527X (Print)&#xD;0001-527X (Linking)</isbn><accession-num>19039336</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/19039336</url></related-urls></urls></record></Cite></EndNote>19), endocytosis, multivesicular body (MVB) sorting, lysosomal degradation of plasma membrane proteins (reviewed in ref.  HYPERLINK \l "_ENREF_20" \o "Lauwers, 2010 #17"  ADDIN EN.CITE <EndNote><Cite><Author>Lauwers</Author><Year>2010</Year><RecNum>17</RecNum><DisplayText><style face="superscript">20</style></DisplayText><record><rec-number>17</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">17</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lauwers, E.</author><author>Erpapazoglou, Z.</author><author>Haguenauer-Tsapis, R.</author><author>Andre, B.</author></authors></contributors><auth-address>Physiologie Moleculaire de la Cellule, Institut de Biologie et de Medecine Moleculaires (IBMM), Universite Libre de Bruxelles (ULB), Gosselies, Belgium.</auth-address><titles><title>The ubiquitin code of yeast permease trafficking</title><secondary-title>Trends Cell Biol</secondary-title><alt-title>Trends in cell biology</alt-title></titles><pages>196-204</pages><volume>20</volume><number>4</number><keywords><keyword>Animals</keyword><keyword>Endocytosis</keyword><keyword>Endosomal Sorting Complexes Required for Transport/genetics/metabolism</keyword><keyword>*Gene Expression Regulation, Enzymologic</keyword><keyword>Humans</keyword><keyword>Membrane Proteins/genetics/*metabolism</keyword><keyword>Membrane Transport Proteins/genetics/*metabolism</keyword><keyword>Multivesicular Bodies/metabolism</keyword><keyword>Protein Transport/*physiology</keyword><keyword>Saccharomyces cerevisiae/*enzymology/genetics/metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/genetics/metabolism</keyword><keyword>Ubiquitin/*metabolism</keyword><keyword>Ubiquitin-Protein Ligase Complexes/genetics/metabolism</keyword><keyword>Vacuoles/metabolism</keyword></keywords><dates><year>2010</year><pub-dates><date>Apr</date></pub-dates></dates><isbn>1879-3088 (Electronic)&#xD;0962-8924 (Linking)</isbn><accession-num>20138522</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/20138522</url></related-urls></urls><electronic-resource-num>10.1016/j.tcb.2010.01.004</electronic-resource-num></record></Cite></EndNote>20), and actin cytoskeleton organization and function. ADDIN EN.CITE ,  Recently, Lu et al. HYPERLINK \l "_ENREF_23" \o "Lu, 2014 #20"  ADDIN EN.CITE <EndNote><Cite><Author>Lu</Author><Year>2014</Year><RecNum>20</RecNum><DisplayText><style face="superscript">23</style></DisplayText><record><rec-number>20</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">20</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lu, K.</author><author>Psakhye, I.</author><author>Jentsch, S.</author></authors></contributors><auth-address>Department of Molecular Cell Biology, Max Planck Institute of Biochemistry, Am Klopferspitz 18, 82152 Martinsried, Germany.&#xD;Department of Molecular Cell Biology, Max Planck Institute of Biochemistry, Am Klopferspitz 18, 82152 Martinsried, Germany. Electronic address: jentsch@biochem.mpg.de.</auth-address><titles><title>Autophagic Clearance of PolyQ Proteins Mediated by Ubiquitin-Atg8 Adaptors of the Conserved CUET Protein Family</title><secondary-title>Cell</secondary-title><alt-title>Cell</alt-title></titles><pages>549-63</pages><volume>158</volume><number>3</number><dates><year>2014</year><pub-dates><date>Jul 31</date></pub-dates></dates><isbn>1097-4172 (Electronic)&#xD;0092-8674 (Linking)</isbn><accession-num>25042851</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/25042851</url></related-urls></urls><electronic-resource-num>10.1016/j.cell.2014.05.048</electronic-resource-num></record></Cite></EndNote>23 have shown that Rsp5 is also involved in degradation of protein aggregates in the autophagy pathway. 
Rsp5 can affect both cytoplasmic and nuclear processes and coordinate many of them with each other to ensure efficient response of the cell to changing conditions. This review will focus on the function of Rsp5 ubiquitin ligase in RNA biology. We present Rsp5 involvement in regulation of Rpb1, the largest subunit of RNA polymerase II (RNAPII) and the novel insights gained from the in vivo, in vitro and microarray studies on the role of Rsp5 in rRNA, mRNA and tRNA biogenesis. The article describes Rsp5 requirement in transcription, processing and transport of different RNA species, placing this enzyme as an important regulator of RNA biology. 
Rsp5 is involved in regulation of RNAPII
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Rsp5 affects rRNA processing and transport
Synthesis of eukaryotic ribosomes is a complex but crucial process for growing cells. Ribosomes are composed of a 60S large subunit containing three ribosomal RNA (rRNA) species: 25S, 5.8S, and 5S rRNAs, and a 40S small subunit with 18S rRNA. A large polycistronic transcript containing 18S, 5.8S and 25S rRNAs, generated by RNAPI, undergoes endo- and exonucleolytic processing to yield the mature rRNAs (reviewed in ref. 44 and  ADDIN EN.CITE 45). However, 5S rRNA is transcribed independently by RNAPIII46.
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Several links between Rsp5 and the protein biosynthesis machinery have been reported. Neumann et al. ADDIN EN.CITE 52 showed that Rsp5 influences pre-rRNA maturation and its transport from the nucleus to the cytoplasm. Nuclear export of the pre-60S subunit  was inhibited in rsp5-3 mutant at the restrictive temperature ADDIN EN.CITE 52 (Table 2 and Table 3). Thus, Rsp5 is involved in nuclear export of pre-rRNA. Moreover, pre-rRNA analysis showed that 35S pre-rRNA accumulated in the rsp5-3 mutant and the products of 35S processing (20S and 27S pre-rRNAs) were strongly depleted at the elevated temperature (Table 2). These results show that the early pre-rRNA cleavages at some sites can be inhibited in the rsp5-3 strain. Consistent with the pre-rRNA processing defects, the level of mature 18S, 5.8S and 25S rRNAs was reduced in rsp5-3 cells ADDIN EN.CITE 52 (Table 2). 
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Rsp5 regulates mRNA nuclear-cytoplasmic trafficking
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Rsp5 ubiquitin ligase activity is required for mRNA export, suggesting that Rsp5 substrates might include mRNA nuclear export factors. Indeed, Rsp5-dependent regulation of a component of THO complex, Hpr1, was shown. ADDIN EN.CITE 73 Degradation of Hpr1 is enhanced at high temperature and is linked to on-going RNAPII-mediated transcription while the stability of other components of THO complex is not affected under these conditions suggesting that Hpr1 turnover could control the formation of the TREX complex and mRNA export. Thus, Hpr1 appears to be a key factor of the THO complex and its stability controls the activity of the whole complex. Hpr1 is polyubiquitinated by Rsp5 in conjugation with E1 and Ubc4 as an E2 and degraded in the proteasome both in vivo and in vitro ADDIN EN.CITE 73 (Figure 2). Although the data demonstrate that interactions within the enzyme-substrate complex do not require any adaptor in vitro, it cannot be excluded that ubiquitination of Hpr1 can be regulated by an additional ubiquitin ligase or other proteins in vivo, as it is for Rpb1 protein. It is known that ubiquitination of proteins with K63-linked Ub chains usually does not lead to their degradation in the proteasome. Nevertheless, it is possible that K63-linked Ub chains could serve as a proteasome targeting signal in vivo. ADDIN EN.CITE 3 Therefore, further analysis of Hpr1 ubiquitination in vivo is required to decipher fully its degradation mechanism. The ubiquitin - associated (UBA) domain of Mex67 binds the Hpr1-attached polyubiquitin chain and transiently protects the protein from degradation. ADDIN EN.CITE 74 Probably, upon mRNA 3’ end formation, Mex67-Mtr2 is transferred onto nascent mRNA exposing the ubiquitinated Hpr1 to the proteasome. Degradation of Hpr1 releases mRNA and causes disassembly of the THO complex which can then participate in a next transcription event (reviewed in ref.  HYPERLINK \l "_ENREF_69" \o "Iglesias, 2008 #75"  ADDIN EN.CITE <EndNote><Cite><Author>Iglesias</Author><Year>2008</Year><RecNum>75</RecNum><DisplayText><style face="superscript">69</style></DisplayText><record><rec-number>75</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">75</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Iglesias, N.</author><author>Stutz, F.</author></authors></contributors><auth-address>Department of Cell Biology, University of Geneva, 30 Quai E. Ansermet, 1211 Geneva 4, Switzerland.</auth-address><titles><title>Regulation of mRNP dynamics along the export pathway</title><secondary-title>FEBS Lett</secondary-title><alt-title>FEBS letters</alt-title></titles><pages>1987-96</pages><volume>582</volume><number>14</number><keywords><keyword>Active Transport, Cell Nucleus</keyword><keyword>Cell Nucleus/*metabolism</keyword><keyword>*Gene Expression Regulation</keyword><keyword>Humans</keyword><keyword>Nucleocytoplasmic Transport Proteins/metabolism</keyword><keyword>Ribonucleoproteins/*metabolism</keyword><keyword>*Transcription, Genetic</keyword></keywords><dates><year>2008</year><pub-dates><date>Jun 18</date></pub-dates></dates><isbn>0014-5793 (Print)&#xD;0014-5793 (Linking)</isbn><accession-num>18394429</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/18394429</url></related-urls></urls><electronic-resource-num>10.1016/j.febslet.2008.03.038</electronic-resource-num></record></Cite></EndNote>69). The Mex67-Hpr1 interaction coordinates transcription with recruitment of the mRNA export machinery. ADDIN EN.CITE 74 Noteworthy, it has been shown that the human ortholog of Hpr1, Thoc1, is polyubiquitinated by Nedd4 and then, degraded by the proteasome, suggesting that regulation of THO activity by HECT ligases and the ubiquitin-proteasome pathway is evolutionarily conserved between yeast and mammals. ADDIN EN.CITE 75
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Rsp5 modulates tRNA processing and transport
Transfer RNAs (tRNAs) are crucial in protein synthesis and take part in other processes. They deliver amino acids to the ribosome for incorporation into a polypeptide chain and participate in signaling pathways. tRNA biogenesis in yeast involves the synthesis of initial transcript by RNAPIII followed by post-transcriptional alterations to generate mature tRNA. The post-transcriptional steps comprise the removal of the 5′ leader, trimming the 3′ trailer, addition of CCA to the 3′ terminus, removal of introns (from tRNAs encoded by intron-containing genes), modification of multiple nucleoside residues, and export to the cytoplasm where the tRNA functions in translation (reviewed in ref. 78). In fact, the subcellular traffic of tRNA is bidirectional and occurs in three steps. First, the newly synthesized and end-processed tRNAs are exported from the nucleus to the cytoplasm in the primary tRNA export process. Then, spliced tRNAs are imported back to the nucleus via retrograde tRNA nuclear import, likely to be repaired or degraded. ADDIN EN.CITE 79-83 Finally, mature tRNAs that were imported to the nucleus are re-exported to the cytoplasm. ADDIN EN.CITE 84
Twenty percent of yeast tRNAs are transcribed with an intron. In yeast, splicing of tRNA introns occurs on the cytoplasmic surface of mitochondria where the tRNA splicing endonuclease complex resides ADDIN EN.CITE 85-87, so end-processed intron-containing tRNAs have to be exported from the nucleus to undergo splicing in the cytoplasm. The primary export of intron-containing precursor tRNA (pre-tRNA), involves the -importin family member, Los1. ADDIN EN.CITE , ,  Because LOS1 is non-essential gene in yeast, there is at least one additional unidentified nuclear exporter for intron-containing pre-tRNAs. Mtr10, a member of the yeast -importin family, is implicated in the retrograde nuclear import but whether Mtr10 directly interacts with tRNA remains unknown (reviewed in ref. 78). tRNA re-export is mediated in yeast by both Los1 and another -importin family member, Msn5. ADDIN EN.CITE 79 Again, at least one unidentified transporter involved in the re-export process must exist because msn5Δ los1Δ double mutants are viable. ADDIN EN.CITE ,  Thus, tRNA biogenesis is highly complex and only partially understood.
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Concluding remarks
Different classes of RNA (rRNA, mRNA and tRNA) accumulate in the nucleus in temperature-sensitive rsp5 cells at the restrictive temperature. Several mechanisms of Rsp5 involvement in RNA biogenesis are possible. Rsp5 may have multiple targets which participate in the processing and/or export of different RNAs. Indeed, as the studies described above have shown, many proteins involved in the biogenesis of RNA can be Rsp5 substrates, e.g., Crm1, Nmd3, Hpr1, Npl3, Mex67, Mtr10 (Table 4 and Figure 2). Rsp5 could also act at multiple levels and indirectly influence RNA biology, e.g., by modulating nutrient transport and cellular signaling. The defective export of various RNAs in rsp5 mutants could also, in principle, be due to Rsp5 influence on the composition of lipids in the nuclear membrane. However, the nuclear membrane organization is apparently unaltered in rsp5 cells ADDIN EN.CITE 52 and thus, the role of Rsp5 in the export of various RNAs through its impact on the nuclear membrane can be rather excluded. 
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Thus, the different steps of tRNA biogenesis could be coordinated with each other and modification of one protein could influence numerous processes. Also, the different steps of biogenesis of mRNA or rRNA known to be coupled with each other could be coordinated at the NPC by modification of a single protein. It will be interesting to decipher the mechanism by which Rsp5 controls the biology of RNA classes at multiple levels. Although the ubiquitination by Rsp5 of many individual components implicated in RNA biogenesis has been suggested or proven, there are still many unknowns. For instance: How does Rsp5 coordinate different steps of biogenesis of an individual RNA? How is the biogenesis of one RNA coordinated with that of others? What environmental signals are important for Rsp5 function? Despite the progress that has been made in the last few years, still much remains to be clarified about the exact role of Rsp5 in RNA biogenesis and further studies are required to determine the full potential of this ligase in RNA biology.
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Figure 1. Domain structure of Rsp5 ubiquitin ligase. 
C2 domain at the N-terminal region binds lipids and proteins; WW domains are responsible for protein-protein interactions; HECT is a catalytic domain.
Figure 2. Proteins identified as Rsp5 substrates and involved in biogenesis of rRNA, mRNA and tRNA.





Table 1. Polymerase I, II and III subunits and nucleoporins ubiquitinated by Rsp5
Protein	Process	Method	Reference
Pol I complex
Rrn3, Rrn5, Rrn6, Rrn7, Rrn9, Rrn10, Rrn11	transcription	in vitro	 HYPERLINK \l "_ENREF_42" \o "Lu, 2008 #47"  ADDIN EN.CITE <EndNote><Cite><Author>Lu</Author><Year>2008</Year><RecNum>47</RecNum><DisplayText><style face="superscript">42</style></DisplayText><record><rec-number>47</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">47</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lu, J. Y.</author><author>Lin, Y. Y.</author><author>Qian, J.</author><author>Tao, S. C.</author><author>Zhu, J.</author><author>Pickart, C.</author><author>Zhu, H.</author></authors></contributors><auth-address>Department of Pharmacology and Molecular Sciences, The Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA.</auth-address><titles><title>Functional dissection of a HECT ubiquitin E3 ligase</title><secondary-title>Mol Cell Proteomics</secondary-title><alt-title>Molecular &amp; cellular proteomics : MCP</alt-title></titles><pages>35-45</pages><volume>7</volume><number>1</number><keywords><keyword>Endopeptidases/metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Humans</keyword><keyword>Lysine/metabolism</keyword><keyword>Polyubiquitin/metabolism</keyword><keyword>Protein Processing, Post-Translational</keyword><keyword>Proteome</keyword><keyword>Reproducibility of Results</keyword><keyword>Saccharomyces cerevisiae/*enzymology</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Substrate Specificity</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2008</year><pub-dates><date>Jan</date></pub-dates></dates><isbn>1535-9476 (Print)&#xD;1535-9476 (Linking)</isbn><accession-num>17951556</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17951556</url></related-urls></urls><custom2>2861892</custom2><electronic-resource-num>10.1074/mcp.M700353-MCP200</electronic-resource-num></record></Cite></EndNote>42
Pol II complex
Rpb1	transcription	in vitro, in vivo	 ADDIN EN.CITE , 
Rpb2, Rpb3, Rpb5, Rpb7, Rpb8, Rpb9, Rpb10, Rpb11		in vitro	 HYPERLINK \l "_ENREF_42" \o "Lu, 2008 #47"  ADDIN EN.CITE <EndNote><Cite><Author>Lu</Author><Year>2008</Year><RecNum>47</RecNum><DisplayText><style face="superscript">42</style></DisplayText><record><rec-number>47</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">47</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lu, J. Y.</author><author>Lin, Y. Y.</author><author>Qian, J.</author><author>Tao, S. C.</author><author>Zhu, J.</author><author>Pickart, C.</author><author>Zhu, H.</author></authors></contributors><auth-address>Department of Pharmacology and Molecular Sciences, The Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA.</auth-address><titles><title>Functional dissection of a HECT ubiquitin E3 ligase</title><secondary-title>Mol Cell Proteomics</secondary-title><alt-title>Molecular &amp; cellular proteomics : MCP</alt-title></titles><pages>35-45</pages><volume>7</volume><number>1</number><keywords><keyword>Endopeptidases/metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Humans</keyword><keyword>Lysine/metabolism</keyword><keyword>Polyubiquitin/metabolism</keyword><keyword>Protein Processing, Post-Translational</keyword><keyword>Proteome</keyword><keyword>Reproducibility of Results</keyword><keyword>Saccharomyces cerevisiae/*enzymology</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Substrate Specificity</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2008</year><pub-dates><date>Jan</date></pub-dates></dates><isbn>1535-9476 (Print)&#xD;1535-9476 (Linking)</isbn><accession-num>17951556</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17951556</url></related-urls></urls><custom2>2861892</custom2><electronic-resource-num>10.1074/mcp.M700353-MCP200</electronic-resource-num></record></Cite></EndNote>42
Pol III complex
Bdp1, Brf1, Maf1, Pzf1, Ret1, Rpc11, Rpc17, Rpc34, Rpc37, Rpc82, Sfp1, Tfc1, Tfc3, Tfc4, Tfc6, Tfc7, Tfc8	transcription	in vitro	 HYPERLINK \l "_ENREF_42" \o "Lu, 2008 #47"  ADDIN EN.CITE <EndNote><Cite><Author>Lu</Author><Year>2008</Year><RecNum>47</RecNum><DisplayText><style face="superscript">42</style></DisplayText><record><rec-number>47</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">47</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lu, J. Y.</author><author>Lin, Y. Y.</author><author>Qian, J.</author><author>Tao, S. C.</author><author>Zhu, J.</author><author>Pickart, C.</author><author>Zhu, H.</author></authors></contributors><auth-address>Department of Pharmacology and Molecular Sciences, The Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA.</auth-address><titles><title>Functional dissection of a HECT ubiquitin E3 ligase</title><secondary-title>Mol Cell Proteomics</secondary-title><alt-title>Molecular &amp; cellular proteomics : MCP</alt-title></titles><pages>35-45</pages><volume>7</volume><number>1</number><keywords><keyword>Endopeptidases/metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Humans</keyword><keyword>Lysine/metabolism</keyword><keyword>Polyubiquitin/metabolism</keyword><keyword>Protein Processing, Post-Translational</keyword><keyword>Proteome</keyword><keyword>Reproducibility of Results</keyword><keyword>Saccharomyces cerevisiae/*enzymology</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Substrate Specificity</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2008</year><pub-dates><date>Jan</date></pub-dates></dates><isbn>1535-9476 (Print)&#xD;1535-9476 (Linking)</isbn><accession-num>17951556</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17951556</url></related-urls></urls><custom2>2861892</custom2><electronic-resource-num>10.1074/mcp.M700353-MCP200</electronic-resource-num></record></Cite></EndNote>42
Rpc25		 in vitro, microarray	 ADDIN EN.CITE , 
Nucleoporins
Nup1, Nup2, Nup42, Nup49, Nup57, Nup82, Nup84, Nup85, Nup116, Nup120,Nup133,Nup145, Nup157, Nup159, Nup188	mRNA export	in vitro	 HYPERLINK \l "_ENREF_42" \o "Lu, 2008 #47"  ADDIN EN.CITE <EndNote><Cite><Author>Lu</Author><Year>2008</Year><RecNum>47</RecNum><DisplayText><style face="superscript">42</style></DisplayText><record><rec-number>47</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">47</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lu, J. Y.</author><author>Lin, Y. Y.</author><author>Qian, J.</author><author>Tao, S. C.</author><author>Zhu, J.</author><author>Pickart, C.</author><author>Zhu, H.</author></authors></contributors><auth-address>Department of Pharmacology and Molecular Sciences, The Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA.</auth-address><titles><title>Functional dissection of a HECT ubiquitin E3 ligase</title><secondary-title>Mol Cell Proteomics</secondary-title><alt-title>Molecular &amp; cellular proteomics : MCP</alt-title></titles><pages>35-45</pages><volume>7</volume><number>1</number><keywords><keyword>Endopeptidases/metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Humans</keyword><keyword>Lysine/metabolism</keyword><keyword>Polyubiquitin/metabolism</keyword><keyword>Protein Processing, Post-Translational</keyword><keyword>Proteome</keyword><keyword>Reproducibility of Results</keyword><keyword>Saccharomyces cerevisiae/*enzymology</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Substrate Specificity</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2008</year><pub-dates><date>Jan</date></pub-dates></dates><isbn>1535-9476 (Print)&#xD;1535-9476 (Linking)</isbn><accession-num>17951556</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17951556</url></related-urls></urls><custom2>2861892</custom2><electronic-resource-num>10.1074/mcp.M700353-MCP200</electronic-resource-num></record></Cite></EndNote>42




In bold are Nups which were shown not to be ubiquitinated in vivo. ADDIN EN.CITE 95
Underlined is Nup159 which was described to be ubiquitinated in vivo by Cdc34/SCF. ADDIN EN.CITE 95

Table 2. Rsp5 alleles and their phenotypes
Mutant	Phenotype	Reference
	rRNA	mRNA	tRNA	
rsp5-1	degradation of 25S rRNA 			 HYPERLINK \l "_ENREF_53" \o "Shcherbik, 2011 #59"  ADDIN EN.CITE <EndNote><Cite><Author>Shcherbik</Author><Year>2011</Year><RecNum>59</RecNum><DisplayText><style face="superscript">53</style></DisplayText><record><rec-number>59</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">59</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Shcherbik, N.</author><author>Pestov, D. G.</author></authors></contributors><auth-address>Department of Cell Biology, University of Medicine and Dentistry of New Jersey, Stratford, New Jersey 08084, USA.</auth-address><titles><title>The ubiquitin ligase Rsp5 is required for ribosome stability in Saccharomyces cerevisiae</title><secondary-title>RNA</secondary-title><alt-title>Rna</alt-title></titles><pages>1422-8</pages><volume>17</volume><number>8</number><keywords><keyword>Autophagy</keyword><keyword>Endosomal Sorting Complexes Required for Transport/genetics/*metabolism</keyword><keyword>Mutation</keyword><keyword>RNA, Ribosomal/metabolism</keyword><keyword>Ribosomes/*metabolism</keyword><keyword>Saccharomyces cerevisiae/*enzymology/genetics</keyword><keyword>Saccharomyces cerevisiae Proteins/genetics/*metabolism</keyword><keyword>Ubiquitin-Protein Ligase Complexes/genetics/*metabolism</keyword></keywords><dates><year>2011</year><pub-dates><date>Aug</date></pub-dates></dates><isbn>1469-9001 (Electronic)&#xD;1355-8382 (Linking)</isbn><accession-num>21665996</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/21665996</url></related-urls></urls><custom2>3153967</custom2><electronic-resource-num>10.1261/rna.2615311</electronic-resource-num></record></Cite></EndNote>53
		accumulation of poly(A)+ RNA in the nucleus		 HYPERLINK \l "_ENREF_71" \o "Rodriguez, 2003 #78"  ADDIN EN.CITE <EndNote><Cite><Author>Rodriguez</Author><Year>2003</Year><RecNum>78</RecNum><DisplayText><style face="superscript">71</style></DisplayText><record><rec-number>78</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">78</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rodriguez, M. S.</author><author>Gwizdek, C.</author><author>Haguenauer-Tsapis, R.</author><author>Dargemont, C.</author></authors></contributors><auth-address>Institut Jacques Monod, Unite Mixte de Recherche 7592, CNRS, Universites Paris VI et VII. 2 Place Jussieu, Tour 43, 75251 Paris Cedex 05, France. rodriguez@ijm.jussieu.fr</auth-address><titles><title>The HECT ubiquitin ligase Rsp5p is required for proper nuclear export of mRNA in Saccharomyces cerevisiae</title><secondary-title>Traffic</secondary-title><alt-title>Traffic</alt-title></titles><pages>566-75</pages><volume>4</volume><number>8</number><keywords><keyword>Cell Nucleus/*metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Fatty Acid Desaturases/metabolism</keyword><keyword>Hot Temperature</keyword><keyword>Protein Structure, Tertiary</keyword><keyword>RNA, Messenger/*metabolism</keyword><keyword>Saccharomyces cerevisiae/*metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Time Factors</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2003</year><pub-dates><date>Aug</date></pub-dates></dates><isbn>1398-9219 (Print)&#xD;1398-9219 (Linking)</isbn><accession-num>12839499</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/12839499</url></related-urls></urls></record></Cite></EndNote>71
rsp5-19	degradation of 18S and 25S rRNA (Northern and FISH analysis)			 HYPERLINK \l "_ENREF_53" \o "Shcherbik, 2011 #59"  ADDIN EN.CITE <EndNote><Cite><Author>Shcherbik</Author><Year>2011</Year><RecNum>59</RecNum><DisplayText><style face="superscript">53</style></DisplayText><record><rec-number>59</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">59</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Shcherbik, N.</author><author>Pestov, D. G.</author></authors></contributors><auth-address>Department of Cell Biology, University of Medicine and Dentistry of New Jersey, Stratford, New Jersey 08084, USA.</auth-address><titles><title>The ubiquitin ligase Rsp5 is required for ribosome stability in Saccharomyces cerevisiae</title><secondary-title>RNA</secondary-title><alt-title>Rna</alt-title></titles><pages>1422-8</pages><volume>17</volume><number>8</number><keywords><keyword>Autophagy</keyword><keyword>Endosomal Sorting Complexes Required for Transport/genetics/*metabolism</keyword><keyword>Mutation</keyword><keyword>RNA, Ribosomal/metabolism</keyword><keyword>Ribosomes/*metabolism</keyword><keyword>Saccharomyces cerevisiae/*enzymology/genetics</keyword><keyword>Saccharomyces cerevisiae Proteins/genetics/*metabolism</keyword><keyword>Ubiquitin-Protein Ligase Complexes/genetics/*metabolism</keyword></keywords><dates><year>2011</year><pub-dates><date>Aug</date></pub-dates></dates><isbn>1469-9001 (Electronic)&#xD;1355-8382 (Linking)</isbn><accession-num>21665996</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/21665996</url></related-urls></urls><custom2>3153967</custom2><electronic-resource-num>10.1261/rna.2615311</electronic-resource-num></record></Cite></EndNote>53
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(FISH analysis)	 ADDIN EN.CITE 52
			accumulation of primary transcripts for tRNALeu and tRNAArg-Asp (Northern analysis)	 ADDIN EN.CITE 52
rsp5-ww2		accumulation of poly(A)+ RNA in the nucleus		 HYPERLINK \l "_ENREF_71" \o "Rodriguez, 2003 #78"  ADDIN EN.CITE <EndNote><Cite><Author>Rodriguez</Author><Year>2003</Year><RecNum>78</RecNum><DisplayText><style face="superscript">71</style></DisplayText><record><rec-number>78</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">78</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rodriguez, M. S.</author><author>Gwizdek, C.</author><author>Haguenauer-Tsapis, R.</author><author>Dargemont, C.</author></authors></contributors><auth-address>Institut Jacques Monod, Unite Mixte de Recherche 7592, CNRS, Universites Paris VI et VII. 2 Place Jussieu, Tour 43, 75251 Paris Cedex 05, France. rodriguez@ijm.jussieu.fr</auth-address><titles><title>The HECT ubiquitin ligase Rsp5p is required for proper nuclear export of mRNA in Saccharomyces cerevisiae</title><secondary-title>Traffic</secondary-title><alt-title>Traffic</alt-title></titles><pages>566-75</pages><volume>4</volume><number>8</number><keywords><keyword>Cell Nucleus/*metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Fatty Acid Desaturases/metabolism</keyword><keyword>Hot Temperature</keyword><keyword>Protein Structure, Tertiary</keyword><keyword>RNA, Messenger/*metabolism</keyword><keyword>Saccharomyces cerevisiae/*metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Time Factors</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2003</year><pub-dates><date>Aug</date></pub-dates></dates><isbn>1398-9219 (Print)&#xD;1398-9219 (Linking)</isbn><accession-num>12839499</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/12839499</url></related-urls></urls></record></Cite></EndNote>71
rsp5-ww3		accumulation of poly(A)+ RNA in the nucleus		 HYPERLINK \l "_ENREF_71" \o "Rodriguez, 2003 #78"  ADDIN EN.CITE <EndNote><Cite><Author>Rodriguez</Author><Year>2003</Year><RecNum>78</RecNum><DisplayText><style face="superscript">71</style></DisplayText><record><rec-number>78</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">78</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rodriguez, M. S.</author><author>Gwizdek, C.</author><author>Haguenauer-Tsapis, R.</author><author>Dargemont, C.</author></authors></contributors><auth-address>Institut Jacques Monod, Unite Mixte de Recherche 7592, CNRS, Universites Paris VI et VII. 2 Place Jussieu, Tour 43, 75251 Paris Cedex 05, France. rodriguez@ijm.jussieu.fr</auth-address><titles><title>The HECT ubiquitin ligase Rsp5p is required for proper nuclear export of mRNA in Saccharomyces cerevisiae</title><secondary-title>Traffic</secondary-title><alt-title>Traffic</alt-title></titles><pages>566-75</pages><volume>4</volume><number>8</number><keywords><keyword>Cell Nucleus/*metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Fatty Acid Desaturases/metabolism</keyword><keyword>Hot Temperature</keyword><keyword>Protein Structure, Tertiary</keyword><keyword>RNA, Messenger/*metabolism</keyword><keyword>Saccharomyces cerevisiae/*metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Time Factors</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2003</year><pub-dates><date>Aug</date></pub-dates></dates><isbn>1398-9219 (Print)&#xD;1398-9219 (Linking)</isbn><accession-num>12839499</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/12839499</url></related-urls></urls></record></Cite></EndNote>71
rsp5-A401E		accumulation of HSF1 and MSN2/4 mRNAs in the nucleus		 ADDIN EN.CITE 72
rsp5Δ		accumulation of poly(A)+ RNA in the nucleus		 HYPERLINK \l "_ENREF_71" \o "Rodriguez, 2003 #78"  ADDIN EN.CITE <EndNote><Cite><Author>Rodriguez</Author><Year>2003</Year><RecNum>78</RecNum><DisplayText><style face="superscript">71</style></DisplayText><record><rec-number>78</rec-number><foreign-keys><key app="EN" db-id="p59red9f6p0wzuex25rpawd00exeat0fwr2a">78</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rodriguez, M. S.</author><author>Gwizdek, C.</author><author>Haguenauer-Tsapis, R.</author><author>Dargemont, C.</author></authors></contributors><auth-address>Institut Jacques Monod, Unite Mixte de Recherche 7592, CNRS, Universites Paris VI et VII. 2 Place Jussieu, Tour 43, 75251 Paris Cedex 05, France. rodriguez@ijm.jussieu.fr</auth-address><titles><title>The HECT ubiquitin ligase Rsp5p is required for proper nuclear export of mRNA in Saccharomyces cerevisiae</title><secondary-title>Traffic</secondary-title><alt-title>Traffic</alt-title></titles><pages>566-75</pages><volume>4</volume><number>8</number><keywords><keyword>Cell Nucleus/*metabolism</keyword><keyword>Endosomal Sorting Complexes Required for Transport</keyword><keyword>Fatty Acid Desaturases/metabolism</keyword><keyword>Hot Temperature</keyword><keyword>Protein Structure, Tertiary</keyword><keyword>RNA, Messenger/*metabolism</keyword><keyword>Saccharomyces cerevisiae/*metabolism</keyword><keyword>Saccharomyces cerevisiae Proteins/*metabolism</keyword><keyword>Time Factors</keyword><keyword>Ubiquitin-Protein Ligase Complexes/*metabolism</keyword></keywords><dates><year>2003</year><pub-dates><date>Aug</date></pub-dates></dates><isbn>1398-9219 (Print)&#xD;1398-9219 (Linking)</isbn><accession-num>12839499</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/12839499</url></related-urls></urls></record></Cite></EndNote>71




Table 3. RSP5 mutants
Mutant	Description of mutation	Reference
rsp5-1	L733S substitution in HECT domain 	13
rsp5-19	P418L substitution in WW3 domain	 ADDIN EN.CITE 90 
rsp5-3	 T104A substitution between C2 and WW1 domain,E673G and Q716P substitutions in HECT domain	 ADDIN EN.CITE 52
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rsp5-A401E	A401E substitution in WW3 domain	 ADDIN EN.CITE 72











Npl3		in vitro; microarray	 ADDIN EN.CITE , ,9
mRNA biogenesis










Tef2	transport	in vitro, microarray	 ADDIN EN.CITE , 
Trz1	processing	microarray	 ADDIN EN.CITE 43
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